mostly aseismic in this experiment (Fig. 3B) . Micro-earthquakes are triggered only when the estimated size of the slip zone exceeds the pressurized zone (Fig. 3C ), suggesting that they occur off the pressurized zone. However, they might occur within the sliding zone or be triggered off the sliding area by static stress increase. Aftershocks might relate to afterslip in a similar way (23) .
The ratio of the shear stress to the effective normal stress increases from about 0.4 to about 0.8 and indicates a friction between 0.6 and 0.8 once slip becomes notable ( fig. S4 ). Qualitatively, this evolution correlates with slip rate better than with slip. The data suggest a logarithmically varying, rate-dependent friction, as frequently observed in laboratory measurements of rock friction (24) or derived from studies of afterslip following large earthquakes (23, 25) . We tested such a law based on a simple one-dimensional model (16) . The model, which involves only two adjustable parameters, qualitatively fits the observations well (Fig. 3D) . We determine the friction m 0 = 0.67 (+/−0.05) at a reference velocity of v 0 = 0.1 mm/s, with a rate dependency of a ¼ ∂m ∂lnv ¼ 0:0447 ðT0:005Þ. We also tested rate-and-state friction laws (16) but found that the improvement was irrelevant in view of the uncertainties of the measurements. The friction coefficient increases to about 0.7 for slip rates of 1 to 20 mm/s. Similar values have been measured in the laboratory on faults formed in limestone and at comparable sliding rates (26) (27) (28) . These laboratory experiments also show a rate-strengthening behavior at temperatures less than 100°C but a rate dependency at steady-state typically one order of magnitude lower than the value we obtained.
The aseismic behavior triggered by the fluid injection in this experiment is apparently due to an intrinsically rate-strengthening behavior, rather than to conditional stable creep of a rateweakening fault. However, the seismicity, which was probably triggered outside the pressurized zone, requires some areas to allow earthquake nucleation, hence weakening during deformation. This observation is an indication that the frictional properties are likely heterogeneous, as supported by the observations of the main slip surface that displays gouge-rich zones and slickensided areas cutting solid rock (Fig. 1C) . During the injection, the effective behavior is rate-strengthening. This behavior is possibly due to the fault zone being rate-strengthening on average, with the gougerich zones being possibly more rate-strengthening than the zones where the fault cuts solid rock (27) or because the rate-weakening asperities are brought to conditional stability by the increase in pore pressure. This interpretation could explain why seismicity is observed only when the crack radius has become larger than the radius of the pressurized zone. Our results prove unambiguously that fluid injection can trigger primarily aseismic slip, with seismicity induced as a secondary effect. This is observed in the context of our experiment, which is characterized by a particularly low effective normal stress. Thus, our results may be of particular relevance to seismic activity triggered at shallow depth by humaninduced injections and shallow aseismic slip. Mechanism observed in this experiment could also be of relevance to explain natural processes at greater depth, such as deep afterslip, slow-slip events, and tremors.
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The experimental work was funded by the Agence Nationale de la Recherche (ANR) Captage de CO 2 through the HPPP-CO 2 project and by PACA through the PETRO-PRO project. The rate-andstate fault models for this study were supported by the Controlling the size of colloidal nanocrystals is essential to optimizing their performance in optoelectronic devices, catalysis, and imaging applications. Traditional synthetic methods control size by terminating the growth, an approach that limits the reaction yield and causes batch-to-batch variability. Herein we report a library of thioureas whose substitution pattern tunes their conversion reactivity over more than five orders of magnitude and demonstrate that faster thiourea conversion kinetics increases the extent of crystal nucleation. Tunable kinetics thereby allows the nanocrystal concentration to be adjusted and a desired crystal size to be prepared at full conversion. Controlled precursor reactivity and quantitative conversion improve the batch-tobatch consistency of the final nanocrystal size at industrially relevant reaction scales.
T he tunable electronic properties of nanometer scale crystals have inspired many synthetic methods that control crystal size and shape with extraordinary fidelity. Modern metal chalcogenide quantum dots, in particular, can be synthesized with a size that varies by less than a layer of surface atoms across the distribution. This precise control is afforded by the homogeneous nucleation and growth mechanism first described by LaMer and Dinegar to follow a three-phase sequence shown in Fig. 1A (1). In this mechanism, nucleation only occurs during a brief period of time when crystal monomers ([ME] i ) reach a so-called "critical concentration." Modern syntheses achieve these conditions by using nanocrystal precursors that slowly convert to crystal monomers at a rate that limits the crystallization steps (Fig. 1B) (2) (3) (4) . The precursor conversion reaction kinetics, therefore, plays a central role in the nucleation and growth process. In particular, the rate of monomer supply to the crystallization medium during nucleation determines the number of nanocrystals produced (3, (5) (6) (7) (8) . Moreover, if conversion kinetics can be precisely tuned, the number of nanocrystals can be used to control the size at full conversion.
The most widely used sulfide precursors include bis(trimethylsilyl) sulfide [(TMS) 2 S], phosphine sulfides (R 3 P=S, where R indicates an alkyl or aryl group), and hydrogen sulfide produced by heating elemental sulfur in alkane or amine solvents (9) . Depending on the conditions of the crystallization, a precursor is selected that provides the necessary rate of monomer supply. For example, (TMS) 2 S typically reacts rapidly with metal salts, allowing it to be used near room temperature; however, the rapid reactivity can lead to mixing limitations during the injection step that hinder the reaction scale. R 3 P=S derivatives, on the other hand, typically react sluggishly until~300°C and produce low reaction yields. Although reactions of elemental sulfur with alkanes and amines are more versatile and can be used at intermediate temperatures, their conversion reactions follow ill-defined radical pathways that are difficult to control and sensitive to the presence of impurities. Further, sulfurcontaining by-products contribute to batch-to-batch variability and have detrimental effects on nanocrystal properties. Recently, several phosphine chalcogenides and dichalcogenides have been investigated whose conversion kinetics depends on the organic substituents (10, 11) . These compounds show promise for tuning nanocrystal size and shape, but few are commercially available and others require involved, multistep syntheses.
We report a library of inexpensive and airstable substituted thioureas whose conversion reactivity can be finely tuned over many orders of magnitude by adjusting the organic substituents (Fig. 2) . The widely tunable reactivity allows an optimum chalcogen precursor to be matched with the reactivity of a metal complex at a desired reaction temperature. By controlling the monomer supply kinetics, we adjusted the extent of nucleation in syntheses of lead sulfide, cadmium sulfide, zinc sulfide, and copper sulfide nanocrystals and reliably prepared a desired size with a narrow size distribution and in quantitative yield.
Multigram quantities of air-stable N,N′-disubstituted and N,N,N′-trisubstituted thioureas are obtained in quantitative yields via a one-step "click" reaction between inexpensive, commercially available substituted isothiocyanates and primary or secondary amines (Fig. 2A) . Based on the number of commercially available starting materials, we estimate that 10 3 to 10 4 structures can be accessed in a single step. In most cases, the electrophilicity of isothiocyanates makes the reaction with amines rapid at room temperature, allowing N,N′-diaryl; N,N′-dialkyl; mixed N-alkyl-N′-aryl; and N,N,N′-trialkylthiourea structures to be prepared (1 to 11).
The thiourea conversion reactivity depends on the number of substituents and their electronic and steric properties. The rate decreases as the number of substituents increases: Tetrasubstituted thioureas convert most slowly, followed by trisubstituted and then disubstituted derivatives. Thus, the substitution pattern can be used to optimize monomer supply kinetics at the desired crystallization temperature. For example, monodisperse lead sulfide nanocrystals can be synthesized from lead oleate and reactive disubstituted thioureas at temperatures from 90°to 150°C (Fig. 2D) . However, monodisperse CdS nanocrystals require higher temperature conditions (150°to 250°C), where disubstituted thioureas convert at a rate that is limited by mixing during the injection. Instead, less-reactive N,N,N′-trialkylthioureas (9 to 11) or N,N,N′,N′-tetramethylthiourea (12) were found to have the appropriate conversion reactivity ( fig. S1 ). Monodisperse zinc sulfide nanocrystals could also be obtained, but only at high temperatures (≥240°C) ( fig. S2) . However, the lower reactivity of zinc oleate compared with cadmium oleate allows more-reactive disubstituted thioureas to be used. In each case, the conversion reactivity could be optimized to induce nucleation shortly after injection at the temperature needed to obtain narrow size distributions. In this manner, a wide variety of metal sulfides could be synthesizedincluding photoluminescent core-shell nanocrystals (CdSe/CdS/ZnS), plasmonic nanocrystals (Cu 2-x S), catalyst materials (NiS), complex compound semiconductors (CuZnSnS 4 ), and one-dimensional (1D) and 2D anisotropic nanostructures (CdS nanorods, SnS nanosheets)-across a diverse set of growth media, including amine, carboxylate, and phosphonate surfactant mixtures (figs. S3 to S10).
In addition to matching the demands of the crystallization and co-reactants, tunable monomer supply can control the number of nanocrystals and thereby define a desired size after 100% yield is reached. We demonstrate this principle by optimizing an inexpensive synthesis of lead sulfide nanocrystals with diameters from 2.5 to 7.2 nm [wavelength l max (1S e -1S h ) = 850 to 1800 nm, full width at half maximum (FWHM) = 30 to 160 meV] on multigram scales and in quantitative yield [as determined by the final absorbance at l = 400 nm, where the extinction is proportional to the concentration of lead sulfide formula units within nanocrystals (12)] (Fig. 2D and fig. S11 ). To ensure highly reproducible reactivity, 100-g batches of pure, hydroxide-free lead oleate were prepared by dissolving lead oxide in trifluoroacetic anhydride solution and neutralizing the lead trifluoroacetate product with oleic acid and triethylamine (Fig. 2B and fig. S12 ). N,N′-disubstituted thioureas (1 to 8) react with lead oleate at temperatures at or below 150°C, providing access to colloidal PbS nanocrystals with linewidths of the 1S e -1S h absorption that are among the narrowest reported, including at sizes relevant for PbS solar cells (13, 14) . Concentrated conditions also proved accessible, allowing up to 6 g of nanocrystals to be prepared in 150 ml of solvent with a high degree of reproducibility. Figure 2E shows the results of nine syntheses conducted using N,N′-diphenylthiourea (2) and six syntheses conducted using N-dodecyl-N′-phenylthiourea (3d) that produce between 0.2 and 6 g of nanocrystals. Within one set of conditions, a final size and size distribution are reliably obtained (Fig. 2E and fig. S13 ). Moreover, little change in the final size and size distribution is observed as the scale, concentration, and stoichiometry are varied (10 to 150 ml, 25 to 100 mM, 1.2:1 to 3:1 Pb:S) (Fig. 2E and fig. S13 ). The reproducibility and monodispersity are unusual given the high nanocrystal concentrations (up to 0.12 mM), illustrating the reliability and homogeneity provided by well-defined lead and thiourea precursors.
To determine the relationship between conversion reactivity and the final size, we monitored the kinetics of lead sulfide formation in situ by tracking the absorbance at l = 400 nm. Lead sulfide formation approaches 100% yield within a few minutes and can be approximated by a single exponential process ( fig. S15) , from which rate constants [k obs (1) to k obs (8) (s [k rel (1) to k rel (8) ] across a range of temperatures (90°to 150°C), allowing the reactivity to be quantitatively compared over more than three orders of magnitude (Fig. 3C) . These measurements show a well-defined dependence of the conversion reactivity on the thiourea structure that is defined by the substituents.
Within the disubstituted thiourea derivatives, the conversion rate constants decrease over three orders of magnitude upon replacing electron-withdrawing aryl substituents with alkyl substituents. Thus, N,N′-diarylthioureas such as N-(3,5,-bis-trifluoromethylphenyl)-N′-phenylthiourea (1) convert most rapidly, whereas N,N′-di-nalkylthioureas (8) react 4000-fold more slowly. Similar reactivity trends were found with cadmium oleate ( fig. S16 ). Mixed N-alkyl-N′-aryl variants showed intermediate reactivity toward lead oleate that can be finely adjusted by appending electron withdrawing or donating substituents on the aromatic ring. The conversion rate constants of para-substituted N-p-X-phenyl-N′-ndodecylthioureas (3a to 3f, where X = CN, CF3, Cl, H, Me, MeO) increase by a factor of 20 as the para-substituent becomes increasingly electron withdrawing. The logarithms of the observed firstorder rate constants are plotted versus the Hammett sigma parameter of the para-substituent in Fig. 3D (15) . A linear relationship is observed, demonstrating the well-behaved dependence of conversion kinetics on the thiourea acidity.
A large positive slope (r = 1.3) indicates a buildup of negative charge during the conversion reaction. These results can be explained by rate-limiting deprotonation of the thiourea or nucleophilic attack on the thiocarbonyl carbon. Conversion of 3d is faster in the presence of tri-n-butylamine and slower when oleic acid (1) to k rel (8) , e.g., k rel (7) = k(7)/k(8)]. The wide range of reactivity requires that kinetics are measured at multiple temperatures. To account for the temperature dependence of the conversion rate constant, 3b and 3f were measured at two temperatures, and the change in rate constant was used to normalize the relative rate constants of the respective temperatures {e.g.,
Hammett plot illustrating the well-defined relationship between the electronic structure of the thiourea and the rate of lead sulfide formation. RESEARCH | REPORTS is present, both of which suggest that deprotonation of the thiourea precedes the formation of lead sulfide. Deprotonation of thiourea in water is known to speed its hydrolysis to cyanamide (16) . Increasing steric bulk of the thiourea substituents also speeds the rate of conversion (5 to 8); the increased bulk may accelerate elimination of lead sulfide from an intermediate lead thioureate complex formed by deprotonation of a lead-bound thiourea. Although detailed work is required to determine the precise conversion mechanism, these observations highlight the importance of the microscopic steps leading to the rate-determining precursor conversion step, which vary depending on the surfactants used as well as the nature of the metal co-reactant.
The nanocrystal concentrations obtained from 3a to 3f are plotted versus k obs in Fig. 4A , where an eightfold increase in the conversion rate leads to a fourfold increase in the nanocrystal concentration. The finely tuned monomer supply kinetics controls the extent of nucleation, because the rate of Ostwald ripening is negligibly slow under these conditions (Fig. 4A and fig. S17 ). A similar dependence is observed in studies of zinc sulfide, copper sulfide, nickel sulfide, and cadmium sulfide nanocrystals (figs. S2, S4, S5, and S16). Tuning the precursor reactivity can also be used to finely control the aspect ratio of CdS nanorods; thioureas of decreasing reactivity (3f, 9, and 12) lead to a systematic increase in the volume and rod aspect ratio, a trend that results from the lower nanocrystal concentration produced by slower conversion kinetics (figs. S7 to S9) (17) .
Previous experimental and theoretical work on cadmium selenide and silver halides reported a similar correlation between the concentration of nanocrystals and the precursor conversion rate during nucleation (3, (5) (6) (7) 18) . The correlation results from a nucleation process that continues until the collective consumption of monomers by growing nuclei exceeds monomer production by precursor conversion. At this point, the concentration of nuclei is sufficiently high to cause the supersaturation to drop and the nucleation process to end. A "critical" dependence of the nucleation rate on monomer supersaturation, like the one predicted by classical nucleation theory, is expected to produce a linear relationship between the nanocrystal concentration and the precursor conversion rate during nucleation (5, 6). However, a subcritical dependence can be observed in Fig. 4A that will require more accurate models of nucleation to explain. Nonetheless, the smooth correlation between precursor conversion rate and nanocrystal concentration can be used to predictably obtain a desired nanocrystal size.
Controlling the final size with the precursor reaction rate rather than modifying the crystallization medium (e.g., reaction temperature, solvent, and surfactant concentration), or limiting the conversion, greatly simplifies the nanocrystal composition because both the starting materials as well as the reaction by-products can bind the nanocrystals (19) . Although the thiourea conversion by-products were not found to bind the nanocrystals in this case ( fig. S18 ), cadmium and lead oleate precursors are known to reversibly bind and passivate nanocrystal surfaces, and their coverage may depend on the concentration of these complexes remaining after conversion (20) .
Tuning size with precursor reactivity and running reactions to full conversion allows the final ratio of lead sulfide product and unconverted lead oleate to be determined by the amounts of reactants used. This advance enables a standard purification procedure to be optimized to reproducibly control the final oleate ligand shell and nanocrystal stoichiometry. Moreover, by using preformed lead oleate, syntheses run at or below 120°C can be conducted in low-boiling solvents like 1-octene that are conveniently distilled under vacuum after completion of the synthesis. This reduces the volume of solvent used during the isolation and facilitates large-scale reactions. For example, nanocrystals with a 3.4-nm diameter were synthesized on a 3-g scale from a 1.5:1 lead oleate-to-2 mixture and isolated with 5.7 oleates per square nanometer of surface area, from which we estimate a Pb:S ratio of 1.26. Larger nanocrystals (6.5 nm) with a lower surface area-tovolume ratio were synthesized on a 6-g scale with a lower lead oleate-to-3d ratio (1.2:1) and isolated with 2.9 oleates nm −2 , from which we estimate a Pb:S ratio of 1.07 ( fig. S18 ). In both cases, the purification is greatly simplified compared with methods where the conversion is limited. Rather than removing a large excess of unreacted metal precursor-a process that is complicated by the polymeric structures and low solubilities of zinc, cadmium, and lead carboxylates, phosphonates, and halides-a desired amount of remaining metal precursor can be chosen by the starting metal-to-sulfur ratio. Thus, obtaining a desired size at complete conversion is an important step toward reproducibly defining the surface structure and optoelectronic properties at large reaction scales. Tailoring precursor reactivity will greatly advance our ability to rationally design highperformance materials and to relate atomic structure to nanocrystal function. In particular, highly reproducible syntheses of PbS nanocrystals with narrow size distributions and well-defined surface chemistry can advance the systematic development of solution-processed nanocrystal photovoltaics. Tunable sulfide precursors will also advance the synthesis of complex metal chalcogenide alloys and heterostructures used in solid-state lighting and luminescent displays. More broadly, these results highlight the value of rationally controlling the nanocrystal synthesis mechanism to obtain a desired nanocrystal product in high yields and with a high degree of batch-to-batch consistency. ), where t is time and r is the nanocrystal radius at time t). (B to D) Transmission electron micrographs of PbS nanocrystals synthesized under reaction conditions used for kinetics experiments (3a, 3d, and 3f).
